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doi:10.1Objective:We developed and tested a clinical simulation program in the principles and conduct of cardiopulmo-
nary bypass with the aim of improving confidence and proficiency in this critical aspect of cardiac surgical care.
Methods: Fifteen residents from 6 resident-training programs who reported no prior cardiopulmonary bypass ob-
servation or simulation-based perfusion experience participated in a cardiopulmonary bypass course involving
both didactic lectures and hands-on simulation. A computer-controlled hydraulic model of the human circulation
was used in a specifically designed multidisciplinary simulation center environment to give the participants
hands-on training with both basic operations and specific perfusion crisis scenarios. Pretraining and posttraining
assessments concerning confidence, knowledge, and applications with regard to cardiopulmonary bypass were
administered and compared.
Results: Likert scale scores on confidence-related items increased significantly (P<.001), from 59% 16% to
92%  8%. Pretraining versus posttraining scores (72%  14%) on similar cognitive items were not signifi-
cantly different (P¼ .3636). Scores on similar open-ended application items before and after training improved
from 62%  25% to 85 10% (P<.0001). All subjects agreed that simulation-based cardiopulmonary bypass
training was superior to classroom- and clinic-based education and that the scenarios enhanced their learning
experience.
Conclusions: Simulation-based cardiopulmonary bypass training appears to be an effective technique to build the
confidence of thoracic surgery residents regarding knowledge and applications. Scenario-based practice in
a specifically designed simulated environment is a valuable adjunct to traditional educational methods and has
the potential to improve the training of thoracic residents. (J Thorac Cardiovasc Surg 2010;139:707-12)E
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SSimulation has been used in high-risk industries, such as avi-
ation, for teaching both technical and nontechnical skills. In
health care simulation is also rapidly proving itself to be
a valuable tool. Experiential learning through simulation
has coherence with adult learning principles and is of partic-
ular value in training subjects to deal with emergencies with-
out causing harm to patients. Simulation has been shown to
be effective in measuring and maintaining trainee skills in
laparoscopy, endoscopy, advanced cardiac life support,
airway management, and trauma resuscitation.1,2
The application of simulation to thoracic surgery has been
limited. However, simulation training in cardiothoracic sur-
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The Journal of Thoracic and Caing surgeons educate, as well as improve and rejuvenate,
resident learning.3,4 Although principles of cardiopulmonary
bypass (CPB) can be taught, cardiothoracic surgery residents
are rarely formally educated in the operation of the heart–
lung machine or its full capabilities and limitations. We
therefore developed and tested a clinical simulation program
in the basic principles, conduct, and interdisciplinary aspects
of CPB with the aim of improving residents’ confidence and
proficiency in this critical aspect of cardiac surgical
care.
Our resident curriculum focused on the first 2 levels of
Miller’s pyramid: knowledge and competence.5 We also
sought to measure resident confidence and self-efficacy be-
fore and after the 2-day program. The multidisciplinary fac-
ulty (surgeon, anesthesiologist, and perfusionist) presented
the flow and sequence of the application of CPB equipment
and techniques, emphasizing the critical communication
among the 3 caregivers.MATERIALS AND METHODS
Fifteen residents (11 cardiothoracic and 4 cardiac anesthesia residents)
who reported no prior CPB observation or simulation-based perfusion expe-
rience participated in a 2-day course involving both didactic lectures and
hands-on CPB simulation. Thoracic surgery residents’ levels ranged from
the first year to the third year of cardiothoracic surgery training. The
Mayo Foundation Institutional Review Board approved this study.rdiovascular Surgery c Volume 139, Number 3 707
Abbreviations and Acronyms
CPB ¼ cardiopulmonary bypass
TSDA ¼ Thoracic Surgery Directors Association
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SThe programwas designed and delivered to build on the Thoracic Surgery
DirectorsAssociation (TSDA) curricula for resident training (http://www.tsda.
org/). A multidisciplinary faculty designed and facilitated the training
program. Faculty for the training program included a human-factors
professional, anesthesiologists, surgeons, and perfusionists experienced in
the application of perfusion–patient simulators.6 The program ties the
TSDA curricula fundamental CPB concepts to the daily team
communication and patient application of extracorporeal circuits, perfusion
techniques, and crisis management. The lecture series covered CPB
components, cannulation techniques, anticoagulation and hemostasis,
evidence-based perfusion techniques, extracorporeal life support, ventricular
assist devices, human factors and team communication, and case scenario
analysis for high-risk patients undergoing CPB. Hands-on CPB training in
the simulation center included setting up a complete circuit, initiating CPB,
cooling, administering cardioplegia, managing complications (eg, arterial air
embolism, poor venous drainage, and arrhythmias), and weaning from CPB.
Simulation Center
The Mayo Clinic Multidisciplinary Simulation Center is a 10,000-
square-foot educational facility and state-of-the-art technology center that
simulates real patient care settings to complement traditional clinical train-
ing for medical professionals. The center has 4 large team training rooms
simulating the following environments: emergency department, operating
room, intensive care patient room, and endovascular suite. Each room has
both a corresponding debriefing and control room. In 2008, the center
served more than 6000 learners, including residents, fellows, medical
students, nursing staff, and Mayo physician faculty.
The Mayo Clinic Multidisciplinary Simulation Center high-fidelity per-
fusion simulator uses the Stockert S-5 HLM (Sorin Group USA, Arvada,
Colo) and the Orpheus (ULCO Technologies, Marrickville, Australia) com-
puter-controlled hydraulic model of human circulation to simulate CPB for
perfusion education and practice. The S-5 is a piece of advance-of-the-art
perfusion equipment incorporating numerous safety devices with automatic
control of patients’ perfusion parameters during emergency conditions. The
Orpheus simulator incorporates physiologic, thermodynamic, and pharma-
cokinetic/pharmacodynamic models and is designed to function as a com-
plete patient substitute for training in the use of HLM and related
equipment. The system enables us to deliver simulation-based educational
opportunities by presenting specific clinical changes or crises demanding
specific interventions (Figure 1).
Statistical Analysis
Residents were surveyed regarding their prior perfusion education expe-
rience at the beginning of the training (Appendix 1) using Likert scale items
(4 items; 1 point for ‘‘yes’’ and zero points for ‘‘no’’; 4 possible points). At
the end of the training, using 5 Likert scale items (Appendix 1), residents
provided an overall rating for the 2-day course (4 points for ‘‘strongly
agreed’’; 20 possible points). Simple descriptive statistics were provided
for the experience survey and the overall course evaluation. At the begin-
ning of the course, residents completed a pretest that included 10 cognitive
items (10 points) and 5 cardiopulmonary application (11 points) multiple
choice written test items (see Appendix 1 for sample items). At the end of
the course, the residents were retested on cognitive (10 possible points)
and application (14 possible points) items to measure knowledge acquisition
during the course. Session 1 resident scores (n¼ 9) were comparedwith ses-
sion 2 resident scores (n¼ 6). Pretraining and posttraining cognitive and ap-708 The Journal of Thoracic and Cardiovascular Surgplication scores were compared by using the Tukey–Kramer honestly
significant differencematched-pairs test for normally distributed data or oth-
erwise the Wilcoxon signed-rank test with JMP 7.0.1 software (SAS Insti-
tute, Inc, Chicago, Ill; www.jmp.com).RESULTS
All 15 residents completed a 2-day simulation training
course. The presurvey and postsurvey results for the 2 train-
ing sessions of residents were analyzed. Prior perfusion ed-
ucation scores were very low, with a mean of 0.4 of 4
possible points. Cognitive test scores were 70% before
training and increased to 73% after training. There was a sig-
nificant (P< .001) training effect to increase participants’
self-reported confidence in their perfusion technology
knowledge and application, with scores increasing from
a mean of 14.2 to 22.1 of 24 possible points. There was a sig-
nificant (P< .0001) training effect to increase participants’
scores on application test items because of training. Pretrain-
ing and posttraining scores went from 62% to 85%, respec-
tively (Figure 2). Session 2 participants scored significantly
higher (P¼ .002) than session 1 participants on the per-
fusion application posttest; otherwise, there were no dif-
ferences between sessions on the other posttraining
dimensions.
Participants rated the training very high overall, giving the
training a median score of 20 of 20 possible points. All sub-
jects agreed that simulation-based CPB training was supe-
rior to classroom- and clinic-based education, that the
scenarios met their needs to enhance their learning experi-
ence, and that they recommend the course to their peers.DISCUSSION
This report represents our initial positive experiences
demonstrating the feasibility of using simulation to help
train residents in CPB. CPB techniques are explicitly sited
in the TSDA comprehensive prerequisite and requisite tho-
racic surgery residents’ educational curriculum (http://
www.tsda.org/). Although cognitive principles of CPB can
be taught, cardiovascular surgery and anesthesia residents
are rarely formally educated in the operation of the heart–
lung machine or its full capabilities and limitations.
Neither do they learn the perfusionist’s perspective. Both
are critical to the development of the leadership skills
necessary to optimize patient safety and surgical
teamwork.7 Other issues, such as reduced resident work
hours, limit the amount of exposure to real-life CPB crisis
scenarios. Simulation offers to fill this gap and could be
a valuable adjunct to the training of cardiothoracic surgery
residents3 because it enables participants to gain real-
world experience without causing harm to patients as the
trend in training moves away from the clinic to controlled
simulation environments.8,9
Studies have shown that simulation can be used to assess,
improve, and maintain trainee skills better than traditionalery c March 2010
FIGURE 1. Hands-on CPB simulation training set-up includes the patient with anesthesia (A), the Orpheus human circulation model (B), and the Stockert S-
5 CPB pump (C).
Burkhart et al Evolving Technology/Basic Science
/B
Straining methods in some disciplines of medicine.10,11 Fann
and colleagues12 recently reported their experience with car-
diac surgical simulation in training residents in vascular anas-
tomosis. They showed that after practicing anastomosis with
a task station, anastomotic times improved in the majority of
residents when assessed with the task station and a beating
heart model. Seymour and associates13 used virtual reality
simulation to train surgical residents in laparoscopic chole-
cystectomy. They reported improved operating room perfor-
mance when compared with that of control groups not using
simulation. Seymour and associates concluded that the study
validated the idea of transfer of simulation-acquired training
skills to the operating room. Recent reviews have focused on
the purported benefits, as well as shortcomings, of simulationFIGURE 2. Knowledge dimension before and after testing.
The Journal of Thoracic and Ca
E
Ttraining in surgery, withmost concluding that further study is
needed to define the role of simulation.14-16
Our aim was to develop a novel simulation-based curricu-
lum for educating residents in the application of knowledge
and skills related to the conduct of CPB. This novel curricu-
lum includes exposure to the technical and nontechnical
skills of the perfusionist, as well as those of the surgeon
and anesthesiologist, thereby providing simulation experi-
ence from all 3 points of view. We believe a comprehensive
CPB simulation model will provide an invaluable tool for ef-
ficient resident training because a wide variety of perfusion
challenges can be presented in rapid succession and repeated
as necessary to provide optimal didactics. Such a model
might also be useful in the future for postgraduate training,
as well as postgraduate examination and maintenance of
competency.
The use of simulation differs from traditional teaching in
the operating room in a number of ways. First, it allows the
resident to focus on managing CPB instead of trying to ‘‘fit
in’’ the topic while learning surgical techniques in the oper-
ating room from the attending cardiac surgeon. One might
argue that the resident could sit at the pump with a perfu-
sionist for a couple of days and would derive similar bene-
fits. The advantage of the simulation course is that it can
provide numerous crisis scenarios in a limited amount of
time. Following a perfusionist for a few days does not guar-
antee exposure to these crises and practice with the manage-
ment. A live patient not being at risk is another added
benefit.rdiovascular Surgery c Volume 139, Number 3 709
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SWe were hopeful that after completing the CPB simula-
tion course, the residents would demonstrate improvement
in their knowledge base, confidence, and application of
CPB. The cognitive scores did not improve significantly af-
ter the simulation training. In retrospect, this is not surprising
and most likely attests to their solid knowledge base with re-
gard to CPB. However, the use of pretraining and posttrain-
ing multiple choice surveys to assess resident CPB
knowledge and competence is a limitation to our program.
A limitation might have been that the questions were too
similar, general, or simple. Future programs will use defined
behaviors and more interactive assessments to measure res-
idents’ knowledge and application. Another strategy will be
to have program directors assess participants’ knowledge in
the clinic before and after the residents attend the course.
Despite the cognitive scores remaining stable, confidence
level and application ability were low in the pretest. How-
ever, after 2 days of dedicated didactics and hands-on
CPB simulation, the participants showed significant positive
changes in confidence and application knowledge. We
would argue that the residents had the cognitive ability,
but only after being given the opportunity and instruction
in the application of their knowledge did they feel confident
in applying that knowledge. Their high satisfaction with the
course could serve as confirmation of this assertion. The use
of questionnaires before and after training is an accepted
qualitative method to assess participant satisfaction.17
This report represents our initial experience with using
simulation to train residents in CPB. The course is evolving,
and we predict that there are several potential avenues that
could be helpful not only to the residents but also to the en-
tire surgical team. One possibility is having a simulation set
up that involves roles for the surgeon, anesthesiologist, and
perfusionist. This would allow the resident to learn not only
from the perspective of the surgeon but from the anesthesi-
ologist and perfusionist as well. Another idea would be to
combine the CPB simulation with a beating surgical heart
model used in the TSDA boot camp for thoracic surgical res-
idents.3 This advanced scenario would allow the resident to
work on mastering his or her surgical skills (eg, cannulation)
while negotiating the institution of CPB. Extending this sce-
nario to include an entire cardiac surgical team could provide
an incredible amount of opportunity. Benefits to the surgical
team, including reduced practice errors, increased collabora-
tion, and improved mutual respect between the anesthesia,
surgical, and perfusion work groups, are just a few that
come to mind.7,18 We expect that simulation center interac-
tions will also foster the development of more proficient tho-
racic surgery educators and will help to improve and
rejuvenate resident learning related to CPB.3
A limitation to our study was the lack of a formal control
group to test and compare with the group using simulation.710 The Journal of Thoracic and Cardiovascular SurgWe chose to use the pretraining test as the control. We be-
lieved this to be acceptable, given that we set out to show
simulation would be complementary to traditional cardiac
surgery teaching and not necessarily better. Furthermore,
documenting improved application in the operating room
would strengthen the study. The small numbers of partici-
pants is a limitation. However, limiting the course to a small
group gave each participant more simulation time during the
hands-on portion of the course.
In summary, simulation-based CPB training appears to be
a feasible and effective technique to build the confidence of
thoracic surgery residents regarding knowledge and applica-
tions. Scenario-based practice in a specifically designed sim-
ulated environment is a valuable adjunct to traditional
education methods and has the potential to improve the
training of thoracic residents.References
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Burkhart et al Evolving Technology/Basic ScienceAppendix 1. Survey sample itemsInformation about your perfusion training experience: short response or check the box
1. I am a(n), anesthesia resident, thoracic surgery resident, Other.
2. Have you been involved in a perfusion simulation-based education prior to this program?, yes, no
3. In the past, have you had the opportunity to ‘‘run the pump’’ or sit with a perfusionist during a procedure in an organized
learning situation?, yes, no
4. Have you been involved in, nonhuman or, human research where you were using the heart–lung machine?
, yes, no
Please describe your previous organized perfusion learning experiences:
______________________________________________________________________________________________Your comfort and confidence (affective domain)Confidence Items 
Pre- Post-
1. I am confident in my depth of 
understanding on how the heart lung 
machine works
2. I am secure in my ability to recognize and 
identify the main components of the heart 
lung machine I am adequately prepared 
for my training program and board exam 
questions regarding the heart lung 
machine equipment
3. I am adequately prepared for my training 
program and board exam questions 
regarding most perfusion-related 
techniques
4. Regarding the heart lung machine and 
perfusion techniques, my training program 
has adequately prepared me to function 
as a cardiac surgeon
5. I am comfortable in my ability to supervise 
and respond to perfusion-related 
emergency situations 
1. My activities in the last day and one-half 
have increased my depth of understanding 
on how the heart lung machine works
2. I am secure in my ability to recognize and 
identify the main components of the heart 
lung machine I believe this course content 
will help me to be prepared for my training 
program and board exam questions 
regarding the heart lung machine 
equipment
3. Having taken this course has adequately 
prepared me for my training program and 
board exam questions regarding most 
perfusion-related techniques
4. Regarding the heart lung machine and 
perfusion techniques, this course has 
adequately prepared me to function as a 
cardiac surgeon or cardiac anesthesiologist
5. Having completed this course, I am more 
comfortable in my ability to supervise and 
respond to perfusion-related emergency 
situations in the OR
E
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SYour perfusion knowledge (cognitive domain) sample items
1. What is the hemostatic defect most commonly observed
after CPB?
A. surgical bleeding
B. heparin rebound
C. platelet dysfunction
D. malignant hyperthermia
2. The major cause of an inadequate heparin dose response
after heparinization with a normal loading dose is:
A. an AT-III deficiency.
B. an increased protein C level.
C. a lower than normal circulating blood volume.
D. heparin from a manufacturer’s bad production lot.The Journal of Thoracic and Ca3. The process of temperature correction is a _____________
process that corrects for ______________ changes that
blood gases experience when temperature is changed dur-
ing the sampling process.
A. mathematical, physical
B. chemical, physiologic
C. logical, metaphysical
D. theoretical, hypothetical
Your application of CPB/perfusion skills (application do-
main) sample items
1. List 3 major perfusion incidents or accidents that a tho-
racic surgeon or anesthesiologist should be able to nego-
tiate.rdiovascular Surgery c Volume 139, Number 3 711
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S1. ________________________________________
2. _________________________________________
3. _________________________________________
2. List 3 safety devices typically mounted on heart–lung
machines.
1. __________________________________________
2. _________________________________________
3. __________________________________________Overall course review
Please check the box for the level of agreement that represents
understanding and perception
1 Simulation-based education techniques are superior to
classroom-lecture and clinic-based education technique
2 The use of hands-on techniques enhanced my learning
experience.
3 The choice of perfusion equipment and scenarios met my
educational needs.
4 Overall, I believe the course met my needs regarding
orientation to the heart–lung machine and CPB.
5 I would highly recommend this course to my peers.
712 The Journal of Thoracic and Cardiovascular Surg3. Describe your cardioplegic solution, including the final
[Kþ] and hematocrit levels injected into the aorta.
____________________________________________
[Kþ]¼ ________mM/L HCT¼ ________%
4. What verbal order does the surgeon give to the perfusion-
ist before applying the aortic crossclamp and why?
___________________________________________
Why?________________________________________your Strongly Agree Agree Disagree Strongly
Disagree
s.
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